When a mission profile of an unmanned micro air vehicle is known a priori, one of the strategies adopted in autonomous control is to first generate a compatible trajectory in off-line and then implement a controller to track the trajectory. However, in decision rich intelligent aerial robots and in 6DOF operations of unmanned aerial vehicles, the mission profiles are usually known during an operation. Hence the trajectories are instantaneously inferred. Here an adaptive controller with capabilities to track these trajectories is required. In this paper, it is shown that an extended Kalman filter is an excellent tool to design such a controller which accepts the trajectory generation module as an input and then reconstructs its trajectories. To illustrate this feature, a 3DOF micro air vehicle in pitch plane is considered and an adaptive controller (referred as autonomous control agent) using an extended Kalman filter is applied to infer typical adaptive mission profiles.
INTRODUCTION
Autonomous control of aerial robots in 6DOF is quite challenging. Unlike unmanned aerial vehicles for surveillance and reconnaissance operations, the adaptive mission profiles of aerial robots are usually inferred during its operation. Consequently, the trajectories are instantaneously inferred. When an adaptive control law is required to track these trajectories, design and implementation procedures using a conventional controller is handicapped. For instance, consider a known mission profile. Compatible trajectory in offline is generated and a human-made conventional controller is implemented online so that the trajectory is tracked to achieve the known mission profile. This approach has been demonstrated through flight testing [1, 2] . To adopt these techniques for instantaneously generated trajectories belonging to an adaptive mission profile, an autonomous control agent (similar to an adaptive controller) with capabilities to reconstruct the instantaneous trajectories are required. In this paper, a feasibility study is performed to show that extended Kalman filter (EKF) is an excellent tool to design the autonomous control agents (ACAs). In this case, the EKF algorithm [3] , in state and parameter estimation framework is used. That is, it takes the trajectory generation module as an input (measurements) and delivers an ACA to reconstruct its trajectories sequentially such that an adaptive mission profile is realized. Suppose a linear state feedback structure is used, the gains of the ACA become time-varying and the closed loop system becomes non-autonomous. In this case, stability is verified by checking the eigenvalues of the piecewise linear system. ACA presented in this paper fills in the adaptive controller layer conceived early in the development of a multi-layered autonomous control [4] . These layers also consist of trajectory generation, trajectory reconstruction, trajectory planning modules [5, 6] . Adaptive controller emphasized in this investigation reconstructs the trajectory generated through waypoints [5] . Since trajectory generation serves as a key enabling technology in autonomous control, a large part of research is also devoted to trajectory generation schemes, which take into account the obstacles [7] , communication [8] , etc. In these cases, adaptive controllers for intelligence and autonomy are demanded and they are also discussed within the framework of fault-tolerant control [5] . Autonomous control demonstrations through flight testing [1, 2] , however, use linear time-invariant controllers at the inner loop. Both lateral-directional and longitudinal autopilots are considered. A disadvantage with this method is that the tracking capabilities to reconstruct the trajectories of the adaptive mission profiles are lost. But, the linear time-invariant controller can present various flight control modes such as ascend, descend, altitude hold, etc. [9] . Thus, autonomous control to achieve various flight control modes and simultaneously offer an adaptive mission profile is usually required in practice.
When EKF is sequentially applied to reconstruct a trajectory, the control gains become time-varying. Hence the aerial robot in closed loop becomes nonlinear and non-autonomous. If the system has to approach an equilibrium state, the asymptotic stability theorem for non-autonomous systems [10] is simplified further to accommodate the trajectory reconstruction problems [6] . Here, it is shown that for each gain update, the corresponding piecewise linear model along the reconstructed trajectory is asymptotically stable. These problems will not arise if a stable inner loop is preserved by fixed gains. Although outer loop is engaged to reconstruct trajectories through waypoints, 6DOF trajectories are generally difficult to generate when inner loop control parameters are fixed. If a trajectory generation module for adaptive mission profile were available in either 3DOF or 6DOF, the ACA presented in this paper is applicable to reconstruct these trajectories resulting from a nonlinear model pertaining to aerial robots, unmanned micro air vehicles, etc. In this paper, the 3DOF micro air vehicle model [11] in pitch plane is considered to illustrate the EKF based adaptive controller, which is referred as the ACA.
The paper is organized as follows. In Section 2, the problem definition is presented. In Section 3, EKF formulation to determine ACAs is presented. The detailed equations of motion for an outdoor aerial robot like aircraft are presented in Section 4. In Section 5, simple trajectories to illustrate the methodology are presented and stability analysis suitable for evaluating the time-varying gains along the reconstructed trajectory is performed. Simulations and conclusions are presented in Section 6 and Section 7, respectively.
PROBLEM DEFINITION
Consider a nonlinear system, :
where x(t) ∈R n are the states and u(t) ∈R m are the control inputs. It is assumed that m < n. The mappings f : R n → R n and g : R m → R n are known and they are assumed to be sufficiently smooth. x . refers to the derivative of the state vector with respect to time. Consider an adaptive mission profile such that the trajectory x p (t) from the trajectory generation module is instantaneously inferred and assume x p (t) is finally driven to the equilibrium state (x e , u e ) such that f(x e ) + g(x e )u e = 0. Further, x(t) = x e + ∆x(t) and u(t) = u e + ∆u(t) . Define the adaptive controller G(t) to be sequentially determined by the EKF as an m by n matrix such that the control law becomes,
g ij (t) are the time-varying gains (elements of G(t)) referred as the unknown control parameters. Given this problem set up, the objective of this paper is to determine the control parameters g ij (t) such that the generated trajectory x p (t) is reconstructed by the state x(t). When the control parameters g ij (t) are known from the EKF, the nonlinear system, ,
becomes non-autonomous. To infer its stability instantly along the reconstructed trajectory, a forward difference scheme is applied to Eq. (3). The asymptotic stability theorem [10] for non-autonomous systems is considered and a piecewise linear model based stability analysis is borrowed such that the implications of asymptotic stability specialized for the linear time-invariant systems and the Lyapunov stability specialized for the nonlinear non-autonomous systems are analogous [6] . In the next section, the adaptive controller suitable to track the generated trajectories for a mission profile is presented.
ADAPTIVE CONTROLLER
EKF applications for state and parameter estimation are well documented in the literature [3] . In this paper, these formulations are applied but instead of system parameters, the control parameters are determined. The states x(t) of the given system and the gains g ij (t) are augmented in a new state vector δ(t) ∈ R n×m given by, .
ω is a white noise process with spectral density Q h (t), which is a model noise variance. υ k 's are independent Gaussian noise vectors with mean zero and covariance R k . It is also assumed that ω and υ are independent. The measurements x m (t) are used to estimate δ(t), which is denoted by δˆ(t). When xˆ(t)→x p (t), the gain matrix G(t) = [g ij (t)] is simultaneously computed. Given G(t), Eqs. (1) and (2) are used to reconstruct the planned trajectories x p (t) required to define the mission profiles of an aerial robot.
The derivations of the components of Γ(t,δ) are presented next. From the nonlinear equation, .
substituting
where, .
If g ij (0) are the initial conditions, then a set of functions g ij (t) are selected as, , .
The time derivative of g ij (t) leads to,
In combined state and parameter estimation technique, the parameter derivatives in Eq. (8) are arbitrarily selected. If the parameters are time-invariant, the right hand side of Eq. (8) can be set to zero. The success of the ACA development using the EKF depends on the choice of these functions. In the present case, bounded functions in Eq. (8) 
Eq. (9) is a function of time, states x(t) and it is also dependent on the control parameters . For a suitable covariance matrices Q h (t) and R k that make the estimated state to follow the desired state x p (t), various options exist to choose the initial conditions g ij (0). Some of them are critical to determine the controller G(t) to reconstruct the state x(t) as x p (t). For such initial conditions, Fig. 1 depicts the control law in Eq.
(2) with adaptive gains g ij (t) for the aerial robot in Eq. (1). In the ACA for pitch plane at Fig. 1 , the trajectory generation module is assumed to provide the trajectory as an input to the EKF. Accordingly, the controller G(t) is instantaneously computed. That is, the emphasis in this approach is to perform an online control system design and minimize the human participation in design as and when a planned trajectory data at each time instant is known. It is generally desired to integrate the state feedback sensors with the EKF. Although EKF is sequentially computing the gains g ij (t) based on the trajectory generation module, these gains are also implemented in the feedback path. Stability of the ACA in the feedback path guarantees the trajectory reconstruction process. 
FIXED WING MICRO AIR VEHICLE IN PITCH PLANE
In this section, a fixed-wing micro air vehicle is considered as an aerial robot. Consider the kinematics of the aircraft in NED (North-East-Down) coordinate frame as,
where v a (t) is the velocity of the aircraft in m/s, θ(t) is the pitch angle in radians and α(t) is the angle of attack in radians. X i and Z i are the coordinates of the inertial positions such as North-Down or EastDown positions. In an urban terrain tracking problem, it is required to track the positions (X i , Z i ) and/or (Y i , Z i ). Here, since the altitude changes, the flight conditions change with time and the control problem requires nonlinear design approach. In a two dimensional path planning scheme, usually X i (t) and Z i (t) are specified. Thus, at each time instant, the aircraft state variables v a (t) and θ(t) -α(t) are computed. Other state and control variables that govern the dynamics of the aircraft in pitch plane are pitch rate (θ . = Q(t), rad/sec), thrust coefficient (C T (t)) and elevator deflection (δ e (t), rad). For a given set of values v a (t), θ(t) and α(t) that determine a terrain coordinate by Eq. (10), other approaches in trajectory generation schemes are assumed to compute Q(t) and C T (t). Thus the trajectory is considered to be generated as x p (t). 
Single Input Model Let x′(t) = [v a α θ Q] and u(t) = δ e (t). The nonlinear 3DOF aerial robot is given by [11],
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PLANNED TRAJECTORIES FOR SIMULATION
Since the emphasis of this paper is to demonstrate that the EKF can be effectively used to design an adaptive controller that reconstructs an instantaneously generated trajectory, no specific attention is paid to present the trajectory generation module itself. Currently, a linear time-invariant model based controller is selected to generate the trajectory and validate the ACAs. Given an equilibrium point x e , the nonlinear equations are linearized with respect to the equilibrium point. The controllable pair (A, b -) is used to design a stabilizing state feedback controller K. The trajectories x p (t) are generated using the nonlinear equation, .
In Eq. 
.
To get the bounded trajectories x p (t) from Eq. (13), an initial condition for the single input case from its region of attraction is selected as, .
Similarly, for the two input case, .
The trajectories generated in this section are reconstructed and the ACA with adaptive gains is thus validated. In order to determine stability of the ACA, consider the control law in Eq. (2) and the nonlinear system in Eq. (1). Substituting Eq. (2) in Eq. (1), the non-autonomous system is given by,
For the system in Eq. (15), the Lyapunov stability theorem in Ref. 10 is simplified as follows [6] , Theorem: If, in a ball B r with radius r around the equilibrium point x e , there exists a set of point-wise constant matrices A j and a set of continuous piecewise scalar functions
A j is asymptotically stable 2.
then the equilibrium point x e is stable in the sense of Lyapunov.
From the theorem, it is immediately observed that when few of the closed loop system matrices A j are unstable, the system in Eq. (15) could still be stable in the sense of Lyapunov.
SIMULATION
Following two cases are considered for simulation. The data for relevant aerodynamic parameters in Eq. (11) and Eq.(12) are given in Appendix A. Case (a): Single input system with elevator deflections δ e (t). G(t) is a state feedback controller. Adaptive gains g 1j (t), j = 1,4 are denoted by g v , g a , g θ and g Q , respectively.
Case (b): Two input system with elevator deflections δ e (t) and thrust coefficient C T (t). Gain matrix G(t) in this case is a state feedback controller. Adaptive gains g 1j (t), j = 1,4 due to elevator deflections Adaptive gains to be determined online by the EKF are shown in Fig. 2 . The planned and reconstructed trajectories are shown in Fig. 3 . The elevator deflections are shown in Fig. 4a . The terrain coordinates tracked by the vehicle is shown in Fig. 4b . Except for the initial condition g ij (0), no part of the trajectory is assisted by the remote pilot. For case (b), the same exercise is repeated with two inputs. That is, a total of eight parameters are determined by the EKF. The covariance matrices and initial conditions are selected as, Fig. 7a and Fig. 7b , respectively. The terrain coordinates tracked by the vehicle are given in Fig. 7c . The large magnitudes of the control inputs in this case may be due to an inappropriate choice of the initial conditions selected in the generated trajectory. Thus from control saturation point of view, the options available to select a generated trajectory will be investigated further. In Fig. 8 , the stability conditions stated in theorem are presented. Case (a) is considered. Since these conditions are sufficient conditions, it is inferred that along the reconstructed trajectory x(t), the piecewise linear systems with control could be unstable at discrete time instances. Existence of the controller G(t) becomes uncertain, if the two conditions in theorem were to be strictly implemented along the trajectory x(t). Thus new alternative approaches to investigate stability of the adaptive Chimpalthradi R. Ashokkumar 11 Volume 5 · Number 1 · 2013 controller using EKF are currently under investigation. Otherwise, this paper demonstrates the autonomous control capabilities of a 3DOF aerial robot in pitch plane. The adaptive controller presented in this paper assumes a trajectory generation module as an input to the EKF. Stability analysis guarantees to apply the adaptive controller in the feedback path where the states appear as measured variables.
CONCLUSIONS
When the mission profile of a micro air vehicle is fixed, one of the strategies adopted in autonomous control is to first generate a compatible trajectory and then reconstruct the trajectory using a humanmade controller implemented online. However, the aerial robots and other 3DOF and 6DOF unmanned vehicles exhibit adaptive mission profiles whose trajectories are known during an operation of the aircraft. This paper generalizes the existing autonomous control concept for the adaptive mission profiles. The trajectories in this case are instantaneously planned and generated. Further, the extended Kalman filter is shown to be an excellent tool to compute an adaptive controller (autonomous control agent) such that these trajectories are reconstructed online and infer adaptive mission profiles. In the algorithm, the trajectory generation module for adaptive mission profiles is assumed to be given. Further, if its trajectories have to approach an equilibrium point, then stability of an autonomous control agent is performed by checking eigenvalues of the piecewise linear models along the reconstructed trajectory. Thus in this paper, an autonomous control approach for an aerial robot like micro air vehicle with trajectories known during its operation is demonstrated by presenting the autonomous control agents.
